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• PHENIX	experiment	at	RHIC

• Longitudinal	spin	program

• Transverse	spin	program

• Outlook
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Polarized	Proton	Collider	at	RHIC
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PHENIX	Detector
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PHENIX Detector at RHIC

Muon	Arms 1.2	<	|	η |	<	2.4
• J/Psi
• Unidentified	charged	hadrons
• Heavy	Flavor

Central	Arms |	η |	<	0.35
• Identified	charged	hadrons
• Neutral	Pions
• Direct	Photon
• J/Psi
• Heavy	Flavor

MPC		 3.1	<	|	η |	<	3.9
• Neutral	Pion’s
• Eta’s

ZDC																				|h|	~	5.9	
• Neutrons
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History of	RHIC	Spin	Runs	
RHIC	is	capable	of	delivering	the	polarized	p+p/A	for	precision	spin	physics

- A	very	challenging	 task	to	deliver	polarized	p+p,	excellent	performance	 from	2012+	
- Outstanding	Heavy	Ion	machine	performance	from	the	beginning
- Polarized	p+p, p+Au and	p+Al
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Physics	with	Longitudinally	
Polarized	p+p Collisions
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Three	Decades	of	the	Proton	Spin	Puzzle	
•Early	expectation:	large	gluon	polarization	

Axial	anomaly
Cheng	&	Li,	PRL	(1989)
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Δq ~ 30% (pol. SIDIS)
ΔG ~ 20% (RHIC − spin)
L ~ ? (RHIC,FNAL?)

ΔΣ ' = ΔΣ− αs

2π
⋅ ΔG

αs

2π
⋅ ΔG = 0.3± 0.1

Quark Spin Gluon Spin
SLAC
->	2000 E80	– E155

CERN
ongoing EMC,	SMC,	COMPASS

DESY
->2007 HERMES

JLab
ongoing Hall A,B,C

RHIC
ongoing (BRAHMS),	 (PHENIX),	STAR

SIDIS/DIS

Polarized	p+p

EMC,	1980s
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Gluon	Polarization	and	𝜋0	ALL
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-- Parton distribution functions 
-- Partonic hard scattering rates 
-- Fragmentation functions

DIS ? pQCD e+e-

ALL=(N++-N+-)/(N+++N+-)

Di-photon	mass:	𝜋0 peak
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𝜋0 ALL at	central	rapidity	(|𝜂|<0.35)
• Latest	PHENIX	publication	PRD	93,	011501(R),	 (2016)
• Positive	gluon	polarization	at	moderate	x	~	0.05	- 0.2	
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QCD Frontier 2013: 10.21.13 Justin Stevens,

Gluon polarization

DSSV++ is a new, preliminary global analysis 
from the DSSV group which includes 2009 
preliminary PHENIX and STAR ALL data

First experimental evidence of non-zero gluon 
polarization in the RHIC range (0.05 < x < 0.2)
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𝐽/𝜓 ALL	at	Forward	Rapidity
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• Access	gluons	in	small-x	region,	x2<0.01	
• At	RHIC	energies	𝐽/𝜓 production	is	
dominated	by	gluon-gluon	fusion.

The	𝐴𝐿𝐿 for	𝐽/𝜓 can	be	written	(LO):

𝐴'' =
Δ𝜎
𝜎 = 𝑎,--→//1

Δ𝑔(𝑥1)
𝑔(𝑥1)

Δ𝑔(𝑥2)
𝑔(𝑥2)

x2 x1



Impact	of	RHIC	data	on	Gluon	Polarization	

• Favors	positive	gluon	
polarization	
– Published/Submitted:
• Run9	200GeV	Central	𝜋0 ALL

• Run13	510GeV	Central	𝜋0 ALL

• Run13	510GeV	Forward	𝐽/𝜓 ALL

– Ongoing	 analyses
• Run11	500GeV	Forward	𝜋0 ALL

• Run13	510GeV	Forward	𝜋0 ALL

• Run13	510GeV	Central	𝜋±
• Run13	510GeV	Central	direct	photon
• Run9,	11	di-𝜋0 ALL

• Proposed EIC,	2025+	

7/7/16 Ming	X.	Liu,		ICNFP2016 12

arXiv:1602.03922



Flavor Identified Sea Quark Polarization
Δ𝑢 (𝑥), Δ𝑑(𝑥)

• Could	sea-quark	contribute	significantly	the	total	proton	spin?
– Polarized	sea-quark	distributions	poorly	known,	SIDIS	has	limited	

sensitivity
• RHIC	has	unique	access	to	flavor	identified	sea-quarks	via	W+/-

7/7/16 Ming	X.	Liu,		ICNFP2016 13

Ann.	Rev.	Nucl.	Sci.50:525-585,	(2000)

AL=(N+-N-)/(N++N-)



Run13	pp510GeV		𝑊± →	𝑒± AL

7/7/16 Ming	X.	Liu,		ICNFP2016 14

Latest	PHENIX	publication:	PRD	93,	051103(R)(2016)

High	pT electrons	from	
W+/- decays



Add	Forward	𝑊± →	𝜇± AL

• Forward	Muons

7/7/16 Ming	X.	Liu,		ICNFP2016 15



RHIC	𝑊± →	𝑙± data	Impact	on	
Sea	Quark	Polarization	

• Expect	significant	improvement	of	flavor	identified	sea	quark	polarization

7/7/16 Ming	X.	Liu,		ICNFP2016 16

arXiv:	1501.01220



Physics	with	Transversely		
Polarized	p+p Collisions

7/7/16 Ming	X.	Liu,		ICNFP2016 17
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Do	We	Understand	the	Physics?

PRD65,	092008	(2002)

PRL36,	929	(1976)

ZGS	12	GeV	beam

AGS	22	GeV	beam

FNAL	200	GeV	beam

PLB261,	201	(1991)
PLB264,	462	(1991)

RHIC	200	GeV CMS

Non-Perturbative cross section Perturbative cross section

PRL	(2004)

Large	Transverse	Single	Spin	
Asymmetry	(TSSA)	in	forward	hadron	
production	persists	up	to	RHIC	energy.

7/7/16

Sivers,	Collins,	Twist-3	….



Large	TSSA	observed	at	Forward-Rapidity:	p0 and	h

• Production	well	described	by	pQCD
• AN is	independent	of	collision	energy

– xF scaling?

• Similar	for	Pion	and	eta
– No	mass	dependence?

19

arXiv:1406.3541
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(ii) Collins mechanism:
Transversity× spin-dep fragmentation

(i) Sivers mechanism:
correlation proton spin & parton kT

SP

p

p

Sq kT,π

Probe	the	Underlying	Physics	via	Hard	Scatterings
TMD	vs	Collinear	Twist-3	Factorizations

SP

kT,qp

p

Sq
Phys Rev D41 (1990) 83; 43 (1991) 261 Nucl Phys B396 (1993) 161
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Collinear Twist-3 (RHIC):
quark-gluon/gluon-gluon correlation

AN ∝ f1T
⊥q (x,k⊥

2 ) ⋅Dq
h (z) AN ∝δq(x) ⋅H1

⊥(z2,k⊥

2 )
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A	Surprise:	AN Sign	Mismatch?
First	attempt	to	check	the	“Universality	of	QCD	description	of	TSSA”	

• Twist-3	(RHIC)	v.s.	Sivers (SIDIS)•  should be very relevant for single-spin asymmetries 
   in pp " πX 

STAR 

E704 

Used to extract TF: Qiu,Sterman 
Kouvaris et al. 
Kanazawa,Koike 
Kang,Prokudin 

•  should be very relevant for single-spin asymmetries 
   in pp " πX 

STAR 

E704 

Used to extract TF: Qiu,Sterman 
Kouvaris et al. 
Kanazawa,Koike 
Kang,Prokudin 

A	possible	solution?	 		Kang,	Prokudin PRD	(2012)

May 11, 2011 Zhongbo Kang, RBRC/BNL

Distinguish scenario I and II

! Scenario I and II are completely different from each other

! To distinguish one from the other, in hadronic machine (like RHIC), 
one needs to find observables which are sensitive to twist-3 
correlation function (not fragmentation function), such as single 
inclusive jet production, direct photon production
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Feb 10, 2012 Zhongbo Kang, RBRC/BNL

What could go wrong - Scenario I

! To obtain ETQS function, one needs the full kt-dependence of the 
quark Sivers function

! However, the Sivers functions are extracted mainly from HERMES data 
at rather low Q2~2.4 GeV2, and TMD formalism is only valid for the 
kinematic region kt << Q.
! HERMES data only constrain the behavior (or the sign) of the Sivers function at 

very low kt ~ $QCD.

26
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SIDIS	Data

unknown



Hadron	TSSA	in	Twist-3	Framework

22

El
d3sA1B!p

d3l 5(
abc

E dxfa/A~x !E dx8fb/B~x8!E dz
z S Ec

d3ŝa1b!c

d3pc
D Dc!p~z !

z . ~16!

The predictive power of Eq. ~16! depends on independent measurements of the non-perturbative functions, fa/A , fb/B and
Dc!p , and the calculation of the partonic part Ecd3ŝa1b!c /d3pc .
Just as for most other physical observables calculated in perturbative QCD, the predictive power of the theory for twist

three relies on factorization theorems @31#. Physical observables that depend on the transverse polarization of a single hadron
are typically power corrections to the total cross section, in comparison with spin-averaged or longitudinally polarized
spin-dependent cross sections. In Ref. @32#, for a physical observable with a large momentum transfer Q , we extended the
factorization program to O(1/Q2) corrections for spin-averaged hadron-hadron cross sections, and in @11,33# to O(1/Q)
corrections in spin-dependent cross sections.
Following the generalized factorization theorem @11,33#, the transverse spin-dependent cross section for large lT pions,

Ds(sWT), can be written in much the same way as the spin-averaged cross section, Eq. ~15!, as a sum of three generic
higher-twist contributions, each of which can also be factorized into four functions,

DsA1B!p~sWT!5(
abc

fa/A
~3 ! ~x1 ,x2 ,sWT! ^ fb/B~x8! ^Ha1b!c~sWT! ^Dc!p~z !

1(
abc

dqa/A
~2 ! ~x ,sWT! ^ fb/B

~3 ! ~x18 ,x28! ^Ha1b!c9 ~sWT! ^Dc!p~z !

1(
abc

dqa/A
~2 ! ~x ,sWT! ^ fb/B~x8! ^Ha1b!c8 ~sWT! ^Dc!p

~3 ! ~z1 ,z2!

1higher power corrections, ~17!

where (abc represents sums over parton flavors: quark, anti-
quark and gluon, and where fb/B(x8) and Dc!p(z) are stan-
dard twist-two parton distributions and fragmentation func-
tions, respectively. In Eq. ~17!, the first term corresponds to
the process sketched in Fig. 4~a!, and the second and third
terms correspond to the ones sketched in Fig. 4~b!.
For the first term in Eq. ~17!, nonvanishing contributions

to Ds(sWT) come from twist-3 parton distributions ~correla-
tion functions! fa/A

(3) (x1 ,x2 ,sWT) in the polarized hadron. For
the second and third terms, the contributions to Ds(sWT) in-
volve the twist-2 transversity distributions dqa/A

(2) (x ,sWT)
@21,22#. Because the operator in the transversity distribution
requires an even number of g-matrices @21,22#, the second
term and third terms in Eq. ~17! also include a twist-3, chiral-
odd parton distribution fb/B

(3) (x18 ,x28) from the unpolarized
hadron B , or a twist-3, chiral-odd fragmentation function,
Dc!p
(3) (z1 ,z2). In the factorized form of Eq. ~17!, PT invari-

ance may be applied in a manner analogous to the treatment
of the DIS cross section given above. In this case, however,
PT invariance allows nonzero AN for a limited number of
functions, as discussed in the Appendix.
As in the spin-averaged cross section, Eq. ~15!, the hard-

scattering functions Ha1b!c(sWT) are the only factors in Eq.
~17! that are calculable in QCD perturbation theory. The cal-
culation of the H’s depends on the explicit definitions of the
twist-3 distributions, for example fa/A

(3) (x1 ,x2 ,sWT), and the
predictive power of Eq. ~17! relies on the universality of the
new twist-3 distributions @11,33#.
Equation ~17! illustrates the typical complexity of higher-

twist analysis: even at first nonleading twist, whole new

classes of functions begin to contribute. This complexity is
particularly difficult to sort out for physical observables to
which leading-twist terms contribute. The combination of
small effects and complex parametrizations has made the ex-
traction of higher twist distributions from the data difficult,

FIG. 4. Factorization of a typical forward scattering amplitude
contributing to the spin-dependent cross section for hadronic pion
production: ~a! with chiral-even three-parton matrix element, ~b!
with chiral-odd transversity.

SINGLE TRANSVERSE-SPIN ASYMMETRIES IN . . . PHYSICAL REVIEW D 59 014004

014004-5

Qiu &	Sterman PRD	59	(1998)

1st term:		twsit-3	correlation	functions,	“Sivers”
2nd term:	twist-2	transversity*	twist-3	from	unpol beam	(expected	small)
3rd term:	twist-2	transversity*	twist-3	FF,	“Collins”		

Need	new	direct	measurements	of	Sivers and	Collins	TSSA	in	p+p!	
Forward	sPHENIX Upgrade	Proposal

7/7/16 Ming	X.	Liu,		ICNFP2016 22



Gluons?:	Forward	Heavy	Flavor	AN	
• Heavy	Flavor	production	is	an	ideal	tool	to	investigate	gluon	distributions.	

7/7/16 Ming	X.	Liu,		ICNFP2016 23

Y. Koike, S. Yoshida
PRD84:014026 (2011) • We	expect	much	improved	result	

from	ongoing	Run15	p+p analysis	
(>5x	statistics)	as	well	as	J/ψ AN
result	in	Run15	p↑+A

D+ D-

J/ψ AN



First	Polarized	p+A at	RHIC

7/7/16 Ming	X.	Liu,		ICNFP2016 24

100GeV Au, Al

Run15 (2015)

Polarized Proton

100GeV/nucleon

# of proton # of neutron

p 1 0
Al 13 14
Au 79 118



Run15	p+Au:	a	Surprise!		

7/7/16 Ming	X.	Liu,		ICNFP2016 25

Unexpected		pAu and	pAl asymmetries	observed	compared	to	that	of	pp

A (atomic mass number)
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Summary	of	PHENIX	Runs:	2000-2016
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Outlook:	PHENIX	->	Forward/sPHENIX->ePHENIX

~2000 2017→2020 ~2025 Time

Current	PHENIX f/sPHENIX An	EIC	detector

• PHENIX	completed	2016
• 16y+	work

100+M$	investment
• 130+	published	papers	to	

date

} Comprehensive	central	upgrade	
based on	BaBar	magnet

} fsPHENIX:	forward	tracking,	
HCal and	muon	ID

} Key	study	of	transverse	spin
} New	collaboration/new	 ideas

} Path	of	PHENIX upgrade	leads	
to	a	capable	EIC	detector

} Large	coverage	of	tracking,	
calorimetry	and	PID

} New	collaboration/new	 ideas

Documented:	http://www.phenix.bnl.gov/plans.html

RHIC: A+A,	polarized	p+p,	polarized	p+A eRHIC:	e+p,	e+A



backup
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Initial	Success	of	TMD	and	Twist-3
•Both	describe	pp	data	well,	from	fixed-target	to	RHIC

Feb 10, 2012 Zhongbo Kang, RBRC/BNL

Initial success of twist-3 approach

! Describe both fixed-target and RHIC well: a fit

! See also the fit by Koike and Tanaka 2011

18
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“Weak”	pT Dependence	
arXiv:1406.3541

Recent	work,	Twist-3,	Kanazawa	&	Koike

10/17/2014 Ming	Liu

Naïve	expectation	at	high	pT

AN ~
1
Q
~ 1
pT

@twist −3
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Access	Sivers and	Collins	with	Jet	and	Hadron	Azimuthal	
Distributions	in	Transversely	Polarized	p+p Collisions	

which has been presented and discussed at length in a
series of papers (see, e.g., Refs. [39,42,43]). We will then
present the expression of the polarized cross section for the
process of interest, discussing in detail the different par-
tonic contributions to the process; we will finally list the
azimuthal asymmetries that can be measured and their
physical content. In Sec. III we will present phenomeno-
logical results for the azimuthal asymmetries discussed in
the kinematical configuration of the RHIC experiments, at
different c.m. energies and for central- and forward-
rapidity jet production. In particular, we will first present
results for the totally maximized effects, by taking all
TMD functions saturated to natural positivity bounds and
adding in sign all possible partonic contributions. This will
assess the potential phenomenological relevance of each
effect. We will then consider more carefully those effects
involving the Sivers and Boer-Mulders distributions and
the Collins fragmentation function, for which phenomeno-
logical parametrizations obtained by fitting combined data
for azimuthal asymmetries in SIDIS, Drell-Yan, and eþe"

collisions are available. Section IV contains our final re-
marks and conclusions.

II. FORMALISM

In this section we present and summarize the expres-
sions of the polarized cross section and of the measurable
azimuthal asymmetries for the process A"B ! jetþ
!þ X, where A and B are typically a pp or p !p pair.
Since most of the formalism has been already presented
in Refs. [39,42,43], we will shortly recall the main ingre-
dients of the approach, discussing more extensively only
relevant details specific to the process considered.

Within a generalized TMD parton model approach in-
cluding spin and intrinsic parton motion effects, and as-
suming factorization, the invariant differential cross
section for the process AðSAÞB ! jetþ !þ X can be
written, at leading twist in the soft TMD functions, as
follows:

Ejd"
AðSAÞB!jetþ!þX

d3pjdzd
2k?!

¼
X

a;b;c;d;f#g

Z dxadxb
16!2xaxbs

d2k?a

&d2k?b$
a=A;SA
#a#

0
a
f̂a=A;SAðxa;k?aÞ$b=B

#b#
0
b
f̂b=Bðxb;k?bÞ

&M̂#c;#d;#a;#b
M̂'

#0
c;#d;#

0
a;#

0
b
%ðŝþ t̂þ ûÞD̂!

#c;#
0
c
ðz;k?!Þ: (1)

In an LO pQCD approach the scattered parton c in the
hard elementary process ab ! cd is identified with
the observed fragmentation jet. Let us summarize briefly
the physical meaning of the terms in Eq. (1). Full details
and technical aspects can be found in Refs. [39,42,43].

We sum over all allowed partonic processes contributing
to the physical process observed. f#g stays for a sum over
all partonic helicities, # ¼ (1=2ð(1Þ for quark (gluon)
partons, respectively. xa;b and k?a;b are, respectively, the
initial parton light-cone momentum fractions and intrinsic

transverse momenta. Analogously, z and k?! are the light-
cone momentum fraction and the transverse momentum of
the observed pion inside the jet with respect to (w.r.t.) the
jet (parton c) direction of motion.

$a=A;SA
#a#

0
a
f̂a=A;SAðxa; k?aÞ contains all information on the

polarization state of the initial parton a, which depends in
turn on the (experimentally fixed) parent hadron A polar-
ization state and on the soft, nonperturbative dynamics
encoded in the eight leading-twist polarized and transverse
momentum–dependent parton distribution functions,

which will be discussed in the following. $a=A;SA
#a#

0
a

is the

helicity density matrix of parton a. Analogously, the po-
larization state of parton b inside the unpolarized hadron B

is encoded into $b=B
#b#

0
b
f̂b=Bðxb;k?bÞ.

The M̂#c;#d;#a;#b
’s are the pQCD leading-order helicity

scattering amplitudes for the hard partonic process ab ! cd.
The D̂!

#c;#
0
c
ðz;k?!Þ’s are the soft leading-twist TMD

fragmentation functions describing the fragmentation pro-
cess of the scattered (polarized) parton c into the final
leading pion inside the jet.
As already said, we will consider as initial particles A, B,

two spin-1=2 hadrons (typically, two protons) with hadron
B unpolarized and hadron A in a pure transverse spin state
denoted by SA, with polarization (pseudo)vector PA.
Ej and pj are, respectively, the energy and three-

momentum of the observed jet.
Unless otherwise stated, we will always work in the AB

hadronic c.m. frame, with hadron A moving along the
þẐcm direction; we will define ðXZÞcm as the production
plane containing the colliding beams and the observed jet,
with ðpjÞXcm

> 0. We therefore have, neglecting all masses
(see also Fig. 1):

FIG. 1 (color online). Kinematical configuration for the pro-
cess AðSAÞB ! jetþ !þ X in the hadronic c.m. reference
frame.
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which has been presented and discussed at length in a
series of papers (see, e.g., Refs. [39,42,43]). We will then
present the expression of the polarized cross section for the
process of interest, discussing in detail the different par-
tonic contributions to the process; we will finally list the
azimuthal asymmetries that can be measured and their
physical content. In Sec. III we will present phenomeno-
logical results for the azimuthal asymmetries discussed in
the kinematical configuration of the RHIC experiments, at
different c.m. energies and for central- and forward-
rapidity jet production. In particular, we will first present
results for the totally maximized effects, by taking all
TMD functions saturated to natural positivity bounds and
adding in sign all possible partonic contributions. This will
assess the potential phenomenological relevance of each
effect. We will then consider more carefully those effects
involving the Sivers and Boer-Mulders distributions and
the Collins fragmentation function, for which phenomeno-
logical parametrizations obtained by fitting combined data
for azimuthal asymmetries in SIDIS, Drell-Yan, and eþe"

collisions are available. Section IV contains our final re-
marks and conclusions.

II. FORMALISM

In this section we present and summarize the expres-
sions of the polarized cross section and of the measurable
azimuthal asymmetries for the process A"B ! jetþ
!þ X, where A and B are typically a pp or p !p pair.
Since most of the formalism has been already presented
in Refs. [39,42,43], we will shortly recall the main ingre-
dients of the approach, discussing more extensively only
relevant details specific to the process considered.

Within a generalized TMD parton model approach in-
cluding spin and intrinsic parton motion effects, and as-
suming factorization, the invariant differential cross
section for the process AðSAÞB ! jetþ !þ X can be
written, at leading twist in the soft TMD functions, as
follows:

Ejd"
AðSAÞB!jetþ!þX

d3pjdzd
2k?!

¼
X

a;b;c;d;f#g

Z dxadxb
16!2xaxbs

d2k?a

&d2k?b$
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#a#

0
a
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#b#
0
b
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0
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b
%ðŝþ t̂þ ûÞD̂!

#c;#
0
c
ðz;k?!Þ: (1)

In an LO pQCD approach the scattered parton c in the
hard elementary process ab ! cd is identified with
the observed fragmentation jet. Let us summarize briefly
the physical meaning of the terms in Eq. (1). Full details
and technical aspects can be found in Refs. [39,42,43].

We sum over all allowed partonic processes contributing
to the physical process observed. f#g stays for a sum over
all partonic helicities, # ¼ (1=2ð(1Þ for quark (gluon)
partons, respectively. xa;b and k?a;b are, respectively, the
initial parton light-cone momentum fractions and intrinsic

transverse momenta. Analogously, z and k?! are the light-
cone momentum fraction and the transverse momentum of
the observed pion inside the jet with respect to (w.r.t.) the
jet (parton c) direction of motion.

$a=A;SA
#a#

0
a
f̂a=A;SAðxa; k?aÞ contains all information on the

polarization state of the initial parton a, which depends in
turn on the (experimentally fixed) parent hadron A polar-
ization state and on the soft, nonperturbative dynamics
encoded in the eight leading-twist polarized and transverse
momentum–dependent parton distribution functions,

which will be discussed in the following. $a=A;SA
#a#

0
a

is the

helicity density matrix of parton a. Analogously, the po-
larization state of parton b inside the unpolarized hadron B

is encoded into $b=B
#b#

0
b
f̂b=Bðxb;k?bÞ.

The M̂#c;#d;#a;#b
’s are the pQCD leading-order helicity

scattering amplitudes for the hard partonic process ab ! cd.
The D̂!

#c;#
0
c
ðz;k?!Þ’s are the soft leading-twist TMD

fragmentation functions describing the fragmentation pro-
cess of the scattered (polarized) parton c into the final
leading pion inside the jet.
As already said, we will consider as initial particles A, B,

two spin-1=2 hadrons (typically, two protons) with hadron
B unpolarized and hadron A in a pure transverse spin state
denoted by SA, with polarization (pseudo)vector PA.
Ej and pj are, respectively, the energy and three-

momentum of the observed jet.
Unless otherwise stated, we will always work in the AB

hadronic c.m. frame, with hadron A moving along the
þẐcm direction; we will define ðXZÞcm as the production
plane containing the colliding beams and the observed jet,
with ðpjÞXcm

> 0. We therefore have, neglecting all masses
(see also Fig. 1):

FIG. 1 (color online). Kinematical configuration for the pro-
cess AðSAÞB ! jetþ !þ X in the hadronic c.m. reference
frame.
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checked that even in themaximized scenario this last
contribution is always negligible in all the kinemati-
cal configurations considered; therefore, we will not
discuss it anymore in the sequel;

(2) The cos!H
" asymmetry is generated by the quark

Boer-Mulders!Collins convolution term, involving
a transversely polarized quark and an unpolarized
hadronboth in the initial state and in the fragmentation
process. In the central rapidity region (#j ¼ 0) the
maximized value of this asymmetry is of the order
1–3%, depending on the fragmentation function set
adopted and on the c.m. energy considered, being
almost negligible at

ffiffiffi
s

p ¼ 500 GeV. In the forward
rapidity region, #j ¼ 3:3, the maximized cos!H

"

asymmetry can be much larger both at
ffiffiffi
s

p ¼ 200
and 500 GeV. As an example, in Fig. 2 we show the
maximized cos!H

" asymmetry (solid red lines) for"þ

production at c.m. energy
ffiffiffi
s

p ¼ 200 GeV in the cen-
tral (left panel) and forward (right panel) rapidity
regions as a function of pjT , from pjT ¼ 2 GeV up

to the maximum allowed value, adopting the Kretzer
FF set. Slightly lower values are obtained using the
DSS set.

(3) The cos2!H
" asymmetry is related to the term in-

volving linearly polarized gluons and unpolarized
hadrons both in the initial state and in the fragmen-
tation process, that is, the convolution of a Boer-
Mulders-like gluon distribution with a Collins-like
gluon FF. Even the maximized contribution is prac-
tically negligible in the kinematical configurations
considered. As an example, again in Fig. 2, we show
the maximized cos2!H

" asymmetry (dashed green
lines) for "þ production at

ffiffiffi
s

p ¼ 200 GeV c.m.
energy in the central (left panel) and forward (right

panel) rapidity regions as a function of pjT , adopting
the Kretzer FF set. Similar results are obtained using
the DSS set.

Concerning results with available parametrizations, for
the quark-originated cos!H

" asymmetry we have verified
that the asymmetries obtained with the parametrizations
adopted here, our set SIDIS 2 and the BMP set for the
Boer-Mulders function, are negligible in all kinematical
configurations considered. No parametrizations are pres-
ently available for the analogous gluon contributions lead-
ing to the cos2!H

" asymmetry.

B. Azimuthal asymmetries for ANðp"p ! jetþ ! þ XÞ
Let us now discuss our numerical results for the Sivers

(A
sin!SA
N ) asymmetry and the quark [A

sinð!SA
&!H

" Þ
N ] and gluon

[A
sinð!SA

&2!H
" Þ

N ] Collins(-like) asymmetries; see Eq. (32).
Our estimates are qualitatively similar at the three different
c.m. energies considered, with some differences in the size
of the asymmetries and in the relative weight of the
quark and gluon contributions where both play a role.
Therefore, we will concentrate on the results obtained atffiffiffi
s

p ¼ 200 GeV.

1. The Sivers asymmetry

In this case, both quark and gluon contributions can be
present, and they cannot be disentangled. However, some
kinematical configurations can be dominated by quark or
gluon terms, and a sizable asymmetry in these regions
might be an unambiguous indication for a Sivers asymme-
try generated by the dominant partonic contribution.
In Fig. 3 we show the total observable Sivers asymmetry

(solid red line) and the corresponding quark and
gluon contributions (dashed green and dotted blue lines,
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FIG. 2 (color online). Maximized quark-originated ( cos!H
" ) and gluon-originated ( cos2!H

" ) asymmetries (solid red and dashed
green lines, respectively) for the unpolarized pp ! jetþ "þ þ X process, at

ffiffiffi
s

p ¼ 200 GeV c.m. energy in the central (left panel)
and forward (right panel) rapidity regions as a function of pjT , from pjT ¼ 2 GeV up to the maximum allowed value, adopting the

Kretzer FF set. Slightly lower (similar) values are obtained for quark (gluon) asymmetries when using the DSS set.
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contribution is always negligible in all the kinemati-
cal configurations considered; therefore, we will not
discuss it anymore in the sequel;
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Boer-Mulders!Collins convolution term, involving
a transversely polarized quark and an unpolarized
hadronboth in the initial state and in the fragmentation
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maximized value of this asymmetry is of the order
1–3%, depending on the fragmentation function set
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FF set. Slightly lower values are obtained using the
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(3) The cos2!H
" asymmetry is related to the term in-

volving linearly polarized gluons and unpolarized
hadrons both in the initial state and in the fragmen-
tation process, that is, the convolution of a Boer-
Mulders-like gluon distribution with a Collins-like
gluon FF. Even the maximized contribution is prac-
tically negligible in the kinematical configurations
considered. As an example, again in Fig. 2, we show
the maximized cos2!H

" asymmetry (dashed green
lines) for "þ production at
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p ¼ 200 GeV c.m.
energy in the central (left panel) and forward (right

panel) rapidity regions as a function of pjT , adopting
the Kretzer FF set. Similar results are obtained using
the DSS set.

Concerning results with available parametrizations, for
the quark-originated cos!H

" asymmetry we have verified
that the asymmetries obtained with the parametrizations
adopted here, our set SIDIS 2 and the BMP set for the
Boer-Mulders function, are negligible in all kinematical
configurations considered. No parametrizations are pres-
ently available for the analogous gluon contributions lead-
ing to the cos2!H

" asymmetry.

B. Azimuthal asymmetries for ANðp"p ! jetþ ! þ XÞ
Let us now discuss our numerical results for the Sivers
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N ] Collins(-like) asymmetries; see Eq. (32).
Our estimates are qualitatively similar at the three different
c.m. energies considered, with some differences in the size
of the asymmetries and in the relative weight of the
quark and gluon contributions where both play a role.
Therefore, we will concentrate on the results obtained atffiffiffi
s

p ¼ 200 GeV.

1. The Sivers asymmetry

In this case, both quark and gluon contributions can be
present, and they cannot be disentangled. However, some
kinematical configurations can be dominated by quark or
gluon terms, and a sizable asymmetry in these regions
might be an unambiguous indication for a Sivers asymme-
try generated by the dominant partonic contribution.
In Fig. 3 we show the total observable Sivers asymmetry

(solid red line) and the corresponding quark and
gluon contributions (dashed green and dotted blue lines,
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FIG. 2 (color online). Maximized quark-originated ( cos!H
" ) and gluon-originated ( cos2!H

" ) asymmetries (solid red and dashed
green lines, respectively) for the unpolarized pp ! jetþ "þ þ X process, at

ffiffiffi
s

p ¼ 200 GeV c.m. energy in the central (left panel)
and forward (right panel) rapidity regions as a function of pjT , from pjT ¼ 2 GeV up to the maximum allowed value, adopting the

Kretzer FF set. Slightly lower (similar) values are obtained for quark (gluon) asymmetries when using the DSS set.
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à “Sivers-like”

à “Collins-like”
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Jet Measurements with fsPHENIX Physics Performance
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Figure 3.5: Projected statistical precision for jet AN measurements (left column) and ex-
tracted theory constraints (right column) for theoretical inputs from Anselmino, et. al. (top
row) and Gamberg, Kang, & Prokudin (bottom row) using jets with pT > 4 GeV/c in the
pseudorapidity range 1.7–3.3. Shaded bands depict existing theoretical uncertainties assum-
ing a fit to world data involves no spin-dependent fragmentation. Bars show the expected
statistical uncertainties from 97 pb�1 of p+p at 200 GeV.

For the selected data x ranges can be probed above the previously available SIDIS measure-
ments of about 0.3. The ranges probed as function of jet energy bin are displayed in Fig. 3.8
where one can see, that the higher jet energies at the forward rapidities generally reach x
of 0.5 to 0.6 at

p
s = 200 GeV. This will allow to better constrain the global transvsersity

analysis and provide the full range of integration for the up and down tensor charges of
the nucleon.

If the baseline fsPHENIX detector were extended with full pion-kaon particle identification
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Naïve	direct	mapping	
from	SIDIS	Sivers (GPM)
- “u-quark	jet”	AN >0

With	process-dep
from	SIDIS	Sivers (Twist-3)
- “u-quark	jet”	AN <	0
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Fig. 6. The Sivers distribution functions for u, d and s flavours,
at the scale Q2 = 2.4 (GeV/c)2, as determined by our simul-
taneous fit of HERMES and COMPASS data (see text for de-
tails). On the left panel, the first moment x ∆Nf (1)(x), eq. (17),
is shown as a function of x for each flavour, as indicated. Simi-
larly, on the right panel, the Sivers distribution x ∆Nf(x, k⊥) is
shown as a function of k⊥ at a fixed value of x for each flavour,
as indicated. The highest and lowest dashed lines show the
positivity limits |∆Nf | = 2f .

Sivers distribution. In particular, we definitely find

∆Nfs̄/p↑ > 0 (18)

and confirm the previous findings for valence
flavours [2,7–9],

∆Nfu/p↑ > 0, ∆Nfd/p↑ < 0. (19)

There are simple reasons for the above results. The
Sivers distribution function for s̄ quarks turns out to
be definitely positive, due to the large positive value

of Asin(φh−φS)
UT for K+; notice that the value of Ns̄ sat-

urates the positivity bound |Nq| ≤ 1. Similarly, the
positive sign of ∆Nfu/p↑ is, essentially, driven by the
positive π+ and K+ SSAs and the opposite sign of
∆Nfd/p↑ by the small SSA measured by COMPASS
on a deuteron target. The u and d Sivers functions are
also predicted to be opposite in the large-Nc limit [29]
and in chiral models [30].
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Fig. 7. The Sivers distribution functions for u and d flavours,
at the scale Q2 = 2.4 (GeV/c)2, as determined by our present
fit (solid lines), are compared with those of our previous fit [2]
of SIDIS data (dashed lines), where π0 and kaon productions
were not considered and only valence quark contributions were
taken into account. This plot clearly shows that the Sivers func-
tions previously found are consistent, within the statistical un-
certainty bands, with the Sivers functions presently obtained.

– The Sivers functions for ū, d̄ and s quarks, instead,
turn out to have much larger uncertainties; even the
sign of the ū and s Sivers functions is not fixed by avail-
able data, while ∆Nfd̄/p↑ appears to be negative. This
could be consistent with a positive contribution from u
quarks, necessary to explain the large K+ asymmetry,
which is decreased, for π+, by a negative d̄ contribu-
tion. One might expect correlated Sivers functions for
s and s̄ quarks: we have actually checked that choosing
∆Nfs/p↑ = ±∆Nfs̄/p↑ slightly worsens the χ2

dof (from
1 up to about 1.1), but still leads to a reasonable fit.

– We notice that the Burkardt sum rule [31]

∑

a

∫

dxd2k⊥ k⊥ fa/p↑(x,k⊥) ≡
∑

a

⟨ka
⊥⟩ = 0, (20)

where, from eqs. (2) and (17),

⟨ka
⊥⟩ =

[

π

2

∫ 1

0
dx

∫ ∞

0
dk⊥ k2

⊥ ∆Nfa/p↑(x, k⊥)

]

(S×P̂ ) =

mp

∫ 1

0
dx ∆Nf (1)

q/p↑(x) (S×P̂ )≡⟨ka
⊥⟩ (S×P̂ ), (21)

is almost saturated by u and d quarks alone at Q2 =
2.4 (GeV/c)2:

⟨ku
⊥⟩ + ⟨kd

⊥⟩ = −17+37
−55 (MeV/c),

⟨kū
⊥⟩ + ⟨kd̄

⊥⟩ + ⟨ks
⊥⟩ + ⟨ks̄

⊥⟩ = −14+43
−66 (MeV/c).

(22)

The individual contributions for quarks are:

⟨ku
⊥⟩=96+60

−28 (MeV/c), ⟨kd
⊥⟩=−113+45

−51 (MeV/c),

⟨kū
⊥⟩=2+24

−11 (MeV/c), ⟨kd̄
⊥⟩=−28+20

−60 (MeV/c), (23)

⟨ks
⊥⟩=−4+11

−15 (MeV/c), ⟨ks̄
⊥⟩=17+30

−8 (MeV/c),

Sivers,	 SIDIS	fit
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Open	Charm	TSSA	in	Twist-3	Approach
Qiu,	2010
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• Sensitive to gluon Sivers function
* probe gluon’s orbital angular momentum?
-- Minimize Collins’ effects 

* heavy flavor production dominated by gluon 
gluon fusion at RHIC energy

Pythia 6.1 simulation (LO)

* gluon has zero transversity

• Tri-gluon correlation functions

• Also sensitive to J/ψ production mechanisms 
and QCD dynamics 

%85:
%95:
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ccggcc
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Heavy Flavor to Access Gluons

Open	Charm

Johann	Riedl,	SPIN2008
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Expectation	from	Run	2015	p+p &	p+A
with	F/VTX

• Expect	much	improved	results	
from	Run	15
– 110	pb-1,	Pol	=	57%	(Run15)
– 10x	FOM(Run12)
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pàµ

Drell-Yan 
prompt

GTMD	model Twist-3	Approach


